• Since the work of Marey in 1859, it has been known that as arterial pressure is changed acutely, heart rate varies in an inverse fashion. 1 Moreover, it is firmly established that the afferent impulses of this reflex originate from baroreceptors in the cardiovascular system, primarily those in the carotid sinus and in the aortic arch areas. 2 ' a The precise definition of the efferent arm of the reflex, however has not been fully elucidated, although it is believed that alterations in heart rate are brought about by simultaneous reciprocal changes in the sympathetic and parasympathetic influences on the heart.*' B Thus, it has been generally considered that as arterial pressure falls, heart rate increases as a result of both an augmentation of impulses traveling to the sino-atrial node through sympathetic efferent fibers, and a decrease of vagal inhibitory impulses. Conversely, the fall in heart rate that occurs when arterial pressure rises has been attributed to increased parasympathetic activity, coupled with a diminution of sympathetic stimulation. 4 ' B It was the purpose of this investigation to define the roles of the two segments of the au-tonomic nervous system in the regulation of heart rate.
Methods
Eighteen experiments were performed on seventeen dogs that were anesthetized with a combination of morphine sulfate 3 mgAg sc, urethane 480 to 960 mgAg iv, and chloralose 48 to 96 mg/kg iv. All of the animals were allowed to breathe spontaneously. One hundred per cent O 2 (1 liter/min) was administered via a catheter inserted into an endotracheal tube. Mean and phasic arterial pressures, together with the electrocardiograms, were monitored continuously. Arterial pressure was changed acutely by the intravenous injection of drugs which act on the peripheral vascular bed: Hypertension was produced by the administration of graded doses of 1-phenylephrine hydrochloride (Neo-synephrine), 1 to 100 yn,g/kg of the salt, while hypotension was achieved with graded doses of nitioglycerin 1 to 200 fjLg/kg. After each injection of either phenylephrine or nitroglycerin, 15 to 30 minutes were allowed for the arterial pressure and heart rate to return to control levels before the next injection was made. The order of phenylephrine and nitroglycerin administration was randomized. The 18 experiments performed on 17 animals were divided into two groups.
In nine experiments (Group I), the effect of alterations in arterial pressure on heart rate was studied first in the control state, secondly, after sympathetic blockade and, finally, after parasympathetic blockade. In five of these experiments the sympathetic blockade was produced by the intravenous administration of the beta adrenergic blocking agent pronethalol (nethalide*), 5 to 10 mg/kg.° In four of these five studies parasympathetic blockade was then produced by atropine, 0.5 to 1.0 mgAg iv, and in one by vagotomy. In the other four experiments in Group I, sympathetic blockade was achieved by the intravenous injection of guanethidine,t which interferes with postganglionic sympathetic transmission. 7 Each animal was treated for three days, receiving a total dose of 100 to 150 mg/kg (35 to 50 mgAg each day); the adequacy of sym-364 GLICK, BRAUNWALD pathetic blockade was proved by the absence of a reflex pressor response to bilateral carotid artery occlusion, and then the effects of alterations in arterial pressure on heart rate were again determined. In one of these four studies the parasympathetic system was subsequently blocked with atropine and in the other three studies, by vagotomy. After sympathetic blockade with guanethidine, the animals were alert and ambulatory and appeared to be clinically well.
In the nine experiments of Group II, the sequence of blockade was reversed, and the effect of alterations in arterial pressure on heart rate was first studied in the control state, secondly, after parasympathetic blockade and, finally, after sympathetic blockade. In seven experiments the parasympathetic blockade was achieved with atropine, and in four of them the sympathetic nervous system was subsequently blocked with pronethalol. In the other two studies in Group II, vagotomy was performed and the sympathetic nervous system was not subsequently blocked.
In order to eliminate the possible effects of general anesthesia, four trained unanesthetized dogs were studied; local anesthesia was employed for the insertion of the catheters. In two of these dogs the sympathetic nervous system was blocked first with guanethidine, as described above, and the para sympathetic nervous system was then blocked with atropine. In the other two animals parasympathetic blockade was first produced by atropine, and then sympathetic blockade was induced with pronethalol in one of them.
In order to substantiate further that the observed changes in heart rate were indeed reflexogenic, three additional types of studies were performed. In the first, to evaluate the possible direct effects of phenylephrine and nitroglycerine on the rhythmicity of the sino-atrial node, increasing concentrations of each drug were added to the Krebs solution in which an isolated guinea pig atrium was suspended at 30°C; two such experiments were carried out. In the second, the effects of altering arterial pressure on the heart rates of three dogs which had previously been subjected to total extrinsic cardiac denervation by the regional neural ablation technique of Cooper et al., 8 were determined. In the third, to assess the possible role of the adrenal glands in producing the observed changes in heart rate, the effects of altering arterial pressure on heart rate were determined in two anesthetized dogs which had previously undergone total bilateral adrenalectomy.
The response of the heart rate to increases in systemic arterial pressure were also investigated in four un anesthetized human subjects, who ranged in age from 18 to 36 years. Two patients 
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had previously undergone operations for closure of atrial septal defects and two had no organic heart disease. All were asymptomatic and had normal cardiovascular dynamics. Increases in systemic pressure were produced by the intravenous injection of phenylephrine. In one of the subjects, prior to atropinization, beta adrenergic receptor blockade was produced with propranolol, an analogue of nethalide, (I.C.I. 45,520), 9 in a dose of 0.15 mg/kg rv. Parasympathetic blockade was achieved in all four subjects by atropine, 2 mg rv.
Results
The time course of the changes in heart rate evoked in an unanesthetized dog by acute alterations in arterial pressure during the control period is illustrated in figure 1 . Changes in pressure were observed 5 to 20 seconds after the administration of the drugs, and the changes in heart rate occurred almost immediately thereafter. In all of the experiments, the alterations in heart rate were determined for the 20 seconds after the peak of the hypertensive response or the trough of the hypotensive response, and are expressed as beats per minute.
The results of the experiments performed on the animals in Group I, in which first the sympathetic and then the parasympathetic nervous systems were blocked, are listed in table 1 and a representative experiment is depicted in figure 2 . During the control period, as arterial pressure was raised, the heart 225 - rate decreased, while when pressure was reduced, cardiac acceleration occurred. After beta adrenergic receptor blockade with pronethalol, cardiac slowing took place as arterial pressure was increased, the changes in rate generally paralleling those noted in the control period. However, lowering arterial pressure below control levels no longer regularly resulted in an augmentation of heart rate. Blockade of the parasympathetic nervous system by atropine or vagotomy then completely prevented the bradycardia normally produced by elevations in arterial pressure. Thus, after what may be considered to be total pharmacologic cardiac denervation, the heart rate showed little variation despite profound alterations in arterial pressure. In experiments seven and nine, modest increases in heart Circulation Reltmrcb, Vol. XVI, April 196} rate occurred when arterial pressure was elevated (table 1) .
The results obtained after sympathetic blockade with guanethidine were similar to those observed when pronethalol was employed, and the data from two typical experiments are shown in figure 3 . No speeding occurred with reduction in arterial pressure, although slowing took place when pressure was raised. However, when the animal was subsequently treated with atropine ( fig. 3 , left) or was vagotomized ( fig. 3, right) , elevation of pressure no longer produced cardiac slowing. Thus, blockade of the sympathetic effector system either by pronethalol or by guanethidine produced identical results, that is, it prevented increases in heart rate when arterial pressure was lowered, without affect- ing substantially the slowing which occurred when the pressure was raised.
The results from experiments performed on animals in Group II, in which the parasympathetic nervous system was blocked first, are shown in table 2 and a characteristic response is portrayed in figure 4 . After atropinization (fig. 4, right) or vagotomy (fig. 4, left) slowing did not take place when arterial pressure was elevated, while a normal degree of acceleration usually occurred when the pressure was reduced. In experiments 12, 13, and 18 (table 2) the absolute increases in heart rate were smaller than before parasympathetic blockade, but the absolute levels reached always exceeded 215 beats/min and were comparable to the highest levels observed in the control run. The cardiac acceleration could subsequently be abolished by beta adrenergic receptor blockade with pronethalol ( fig. 4, right) .
In the majority of experiments (figs. 3, right and 4, left), the absolute levels of the heart rate after atropinization or vagotomy were higher than in the control period, at all levels of arterial pressure. It was again noted in a number of experiments that when arterial pressure was raised to extremely high levels after parasympathetic nervous blockade, the heart rate increased moderately, rising 12 to 21 beats/min (expts. 14-16,18, 23).
The results in the four trained, unanesthetized dogs were similar to those observed in the anesthetized animals, and these data are listed in table 3; typical experiments are illustrated in figures 1 and 3 , left.
In the intact unanesthetized human subjects, the cardiac slowing which normally results from augmentation of systemic pressure was abolished by parasympathetic blockade with atropine ( fig. 5 ). In contrast, beta adrenergic receptor blockade did not significantly alter the cardiac slowing evoked by increasing arterial pressure ( fig. 5C and D) .
In the three dogs which had been subjected to chronic total extrinsic cardiac denervation, 
FIGURE 4
Effects no changes in heart rate took place when mean arterial pressure was lowered by 50 to 75 mm Hg or when it was raised by 50 to 100 mm Hg. Nitroglycerin, in concentrations approximately 10 to 100 times those administered in vivo, calculated on the basis of distribution in the total body water, had no effect on the rhythmicity of the sino-atrial nodes of the isolated guinea pig atria. Phenylephrine, in concentrations up to 10 times those given in vivo, produced no significant changes in atrial rate, although larger doses had a modest positive chronotropic action. In the adrenalectomized dogs, the effects on heart rate produced by changes in arterial pressure were identical to those observed in the intact animals (table 3) .
Discussion
Current texts indicate that "when arterial pressure is altered, changes in heart rate are brought about not simply by an increase or a decrease in tone of one or the other cardiac centers, but by reciprocal variations in the tone of both," 10 and "the cardioregulatory centers are reciprocally linked: stimulation of one is associated with inhibition of the other." 11 This traditional concept of heart rate control is represented in schematic fashion in the left panel of figure 6 . The data obtained from this investigation are at variance with this classical concept of heart rate control. Our results indicate that the cardiac slowing produced by acute elevations in pressure apparently stems from parasympathetic stimulation, withdrawal of sympathetic activity having no significant effect, as diagrammed in the right panel of figure 6 . On the other hand, the cardiac acceleration produced by acutely reducing arterial pressure results from the activity of the sympathetic nervous system, withdrawal of parasympathetic activity playing no detectable role. In a number of experiments (expts. 12, 13, 18, 22, 24) the increase in heart rate produced by lowering arterial pressure after parasympathetic blockade was less than in the control period. However, inasmuch as parasympathetic blockade per se elevated heart rate substantially in these experiments, and since the absolute levels of heart rate attained during hypotension were comparable to those noted in the control period, it is possible that the rate had reached a ceiling and could not be further augmented. The traditional concept of heart rate control stems, in large measure, from the pioneering experiments of Rosenblueth and Freeman* and Rosenblueth, 12 in which the afferent buffer nerves were sectioned. This maneuver necessarily liberated the medullary cardiovascular centers from the inhibitory influence exerted by these nerves, and it is likely, therefore, that the background level of sympathetic nervous tone stimulating the heart was abnormally high. Indeed, after section of the buffer nerves, increased sympathetic impulse discharges have been observed in electroneurographic recordings taken from the splanchnic nerve 18 and from the inferior cardiac nerve.
14 In the presence of this heightened sympathetic tone, it is not surprising that afferent stimulation of the central end of the vagus and depressor nerves may indeed have slowed the heart as a result of withdrawal of sympathetic activity. However, from experiments carried out in this setting, it may not be appropriate to draw conclusions CircuUtiou Rtstrrcb, Vol. XVI, April 1965 concerning the relative roles of the sympathetic and parasympathetic systems in the control of heart rate under more physiologic conditions. Similarly, in the experiments of Winder, who also concluded that simultaneous reciprocal changes in sympathetic and parasympathetic activity are responsible for changes in heart rate, 15 the impulses from the buffer nerves from the aortic baroreceptors and from one carotid sinus were blocked. Thus, in his studies also, experimental interventions were superimposed on a background of augmented sympathetic activity. The same comment may be applicable to the work of Wang and Borison who used an isolated carotid sinus preparation in which pressure was raised suddenly from 0 to 240 mm Hg. 10 Thus, in the control period, when sinus pressure was zero and reflex inhibitory tone was therefore reduced, background sympathetic discharge must have been high. Furthermore, the extensive surgical procedures used by all these investigators probably increased sympathetic tone as well. On the other hand, we cannot account for the results of Aviado and Wnuck who reported residual bradycardia produced by intravenous injections of epinephrine and norepinephrine after atropinization or vagotomy which was then completely eliminated by sympathectomy. 17 The preparation used in the present investigation obviates a number of the problems inherent in previous studies. Through the utilization of pharmacologic agents, selective blockade of each segment of the autonomic nervous system could be achieved without surgical intervention. The experiments were all performed in closed-chest dogs breathing spontaneously; thus, the uncertain effects which thoracotomy and controlled respiration produce on the reflex control of heart rate were eliminated. 18 Since the arterial pressure was altered in the entire systemic vascular bed, all the baroreceptors were stimulated simultaneously and in the same manner by the physiological stimulus of altered blood pressure. This type of stimulus contrasts with that produced in isolated carotid sinus preparations 15 
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18 in which, when the carotid sinus receptors are stimulated by an increase in pressure, the remainder of the baroreceptors are exposed to a lower arterial pressure consequent to the reflex decline in systemic vascular resistance. In addition, because all of the buffer nerves were intact, in most of the experiments presented herein, evaluation of the effects of changes in arterial pressure could be made in a physiological setting. Moreover, the fact that the data obtained in the trained, unanesthetized dogs were identical to those observed in anesthetized animals indicates that the anesthesia employed did not unduly influence the results. Finally, the studies performed on unanesthetized patients, in whom after parasympathetic blockade slowing of the heart was abolished when blood pressure was elevated, show that the resuKs relating to elevations of blood pressure also apply to unanesthetized man. These findings are consonant with those of Nathanson and Miller 19 who showed in six patients that the cardiac slowing produced by methoxamine could be prevented by prior treatment with atropine.
Since the changes in arterial pressure in these experiments were produced by the administration of pharmacologic agents, it is important to evaluate the possible direct effects of these drugs on heart rate. Neither phenylephrine nor nitroglycerin, in large doses, affected the rhythmicity of an isolated atrial preparation, our results with phenylephrine being comparable to those of Trendelenburg et al. 20 Most important, since large alterations in arterial pressure produced by these drugs in dogs which had undergone total cardiac denervation resulted in no changes in heart rate, it was concluded that the changes in heart rate observed in the other experimental dogs were entirely reflexogenic. This conclusion receives further support from the results obtained in the two adrenalectomized dogs in which the changes in heart rate were similar to those observed in the intact dogs. Thus, from these studies, as well as those reported by others, 3 it does not appear likely that the alterations in heart rate noted were the result of changing levels of circulating catecholamines. In addition, the rapidity of the changes which occurred in heart rate would militate against a humoral mechanism. Therefore it appears unlikely that a direct effect of the drugs on the sinus node, a mechanical effect of changing afterload, or reflex liberation of catecholamines from the adrenal glands, played significant roles in the alterations of heart rate produced by changes in arterial pressure. However, the small increase in heart rate which was observed occasionally when pressure was suddenly increased by phenylephrine after parasympathetic blockade, has also been noted by Keys and Violante 21 and by Varma et al. 22 This small elevation of rate could result from an increase in rhythmicity of the sinus node secondary to an elevation in intramyocardial wall tension, as postulated by Blinks, 2 " or as a direct effect of phenylephrine on the sinoatrial node. 20 Cervical vagotomy has been used by many investigators to study neural control of heart rate. However, it must be appreciated that this maneuver not only interrupts the parasympathetic efferent fibers traveling in these nerves, but also abolishes the transmission of afferent impulses originating from intrathoracic receptors. 24 ' -r> For these reasons, in the present experiments, two methods of parasympathetic denervation, vagotomy or pharmacologic blockade by atropine, were utilized.
The data obtained permit some comments upon the question of basal autonomic tone. Since the heart rate was always more rapid after blockade of the parasympathetic nervous system than before, regardless of the level of the arterial pressure, it seems probable that parasympathtic tone is always present and exerts a slowing effect at all levels of arterial pressure. This view is consonant with the findings of Weidinger, Hetzel, and Schaefer. 28 However, further studies are necessary to determine whether a significant degree of sympathetic tone exists at normal and elevated blood pressure levels ( fig. 6 ).
Summary
This study was designed to define the relative roles of the sympathetic and parasympathetic nervous systems in the reflex alterations of heart rate consequent to changes in arterial pressure. In 23 experiments carried out on 22 anesthetized dogs and in studies performed on four trained, unanesthetized dogs, acute changes in arterial pressure were produced by administering drugs acting on the peripheral vascular bed. The effects of acutely elevating systemic pressure were also investigated in four intact unanesthetized human subjects. Augmenting arterial pressure above control levels with graded doses of phenylephrine always slowed heart rate strikingly. Although complete sympathetic blockade with guanethidine or pronethalol did not significantly alter the degree of slowing, parasympathetic blockade with atropine or vagotomy essentially abolished this response. Conversely, lowering pressure with intravenous injections of nitroglycerin always raised heart rate in the control state, a response abolished by sympathetic blockade with guanethidine or nethalide, but not by parasympathetic blockade with vagotomy or atropine. Thus, when arterial pressure rises above control, the decrease in heart rate is mediated by the parasympathetic nervous system, withdrawal of sympathetic activity playing no detectable role; when pressure falls below control levels, the elevation of heart rate is mediated primarily by the sympathetic nervous system. These findings are not consonant with the traditional concept of control of heart rate which predicates simultaneous reciprocal changes in activity occurring in the two components of the autonomic nervous system.
